Rep protein is a 3 H to 5 H SF1 superfamily DNA helicase which is monomeric in the absence of DNA, but can dimerize upon binding either single-stranded or duplex DNA. A variety of biochemical studies have led to proposals that Rep dimerization is important for its helicase activity; however, recent structural studies of Bacillus stearothermophilus PcrA have led to suggestions that SF1 helicases, such as E. coli Rep and E. coli UvrD, function as monomeric helicases. We have examined the question of whether Rep oligomerization is important for its DNA helicase activity using pre-steady state stopped-¯ow and chemical quenchedow kinetic studies of Rep-catalyzed DNA unwinding. The results from four independent experiments demonstrate that Rep oligomerization is required for initiation of DNA helicase activity in vitro. No DNA unwinding is observed when only a Rep monomer is bound to the DNA substrate, even when¯uorescent DNA substrates are used that can detect partial unwinding of the ®rst few base-pairs at the ss-ds-DNA junction. In fact, under these conditions, ATP hydrolysis causes dissociation of the Rep monomer from the DNA, rather than DNA unwinding. These studies demonstrate that wild-type Rep monomers are unable to initiate DNA unwinding in vitro, and that oligomerization is required.
Introduction
DNA helicases are a ubiquitous class of enzymes that utilize the binding and hydrolysis of nucleoside triphosphates to catalyze the separation of the two strands of duplex DNA. These enzymes are central to nearly all aspects of DNA metabolism including replication, recombination and repair. 1 Several human genetic disorders have also been linked to mutations in DNA helicases. 2 Although a large number of enzymes with helicase activity have been identi®ed, our understanding of the mechanisms by which these enzymes unwind DNA is still at an early stage.
Many DNA helicases have been shown to undergo self-assembly reactions and the oligomeric state of these proteins in¯uences their NTPase, DNA binding and DNA unwinding activities. 3 One class of helicases forms hexameric ring structures and DNA unwinding activity appears to require formation of the hexamer (for a review, see Patel & Picha 4 ) . A large number of DNA helicases, mainly in the SF1 and SF2 superfamilies, 5 do not appear to form hexameric structures, although many of them still undergo self-assembly reactions. 3 In general, however, the role of oligomerization in the DNA helicase activity of most of these enzymes has not been examined.
The Escherichia coli Rep protein is an SF1 DNA helicase (3 H to 5 H ) that has been characterized structurally 6 and biochemically (for a review, see Lohman & Bjornson 3 ). In solution, this protein exists as a monomer in the absence of DNA, and binding of either ss-DNA or duplex DNA induces the protein to dimerize. 7 Biochemical studies indicate that Rep dimerization in¯uences both its DNA binding and its ATPase activities, 8 ± 11 which led to E-mail address of the corresponding author: lohman@biochem.wustl.edu Abbreviations used: ss-DNA, single-stranded DNA; ds-DNA, double-stranded DNA; PAGE, polyacrylamide gel electrophoresis; PBS, phosphate-buffered saline; STO, single turnover; FRET,¯uorescence resonance energy transfer.
the proposal that Rep dimerization may be important for its helicase and/or translocation functions. 12, 13 In particular, based on quantitative equilibrium DNA binding studies in the presence of varied nucleotide cofactors, an``active-rolling'' model was proposed for the action of a dimeric Rep helicase. 12 In this model, the two subunits of a Rep dimer alternate in their binding to the duplex (ds) DNA at the ss-ds-DNA junction to unwind the duplex. However, the current data are also consistent with a dimeric``inch-worm'' model in which the same subunit of the dimer remains as the lead subunit interacting transiently with the duplex DNA, while the trailing subunit interacts only with ss-DNA during unwinding and translocation.
The PcrA protein from Bacillus stearothermophilus is also a 3 H to 5 H SF1 DNA helicase with signi®cant structural homology to E. coli Rep and UvrD proteins. Recent X-ray crystallographic studies of the PcrA protein in complex with a short oligodeoxynucleotide possessing an ss-ds-DNA junction show the protein bound to the junction as a monomer. 14 Based on these structural studies, it was proposed that a PcrA monomer is the functional form of the DNA helicase and that it translocates by a monomeric inch-worm mechanism without the need for PcrA oligomerization. 14, 15 This view is supported by studies of the pre-steady state ATPase activity of PcrA on ss-DNA that suggest that a PcrA monomer can translocate uni-directionally along ss-DNA. 16 The majority of the biochemical evidence suggesting the functional importance of Rep oligomerization for its DNA helicase activity has been based on studies of its DNA binding and ATPase activities (reviewed by Lohman & Bjornson 3 ), although pre-steady state DNA unwinding experiments are consistent with the functional importance of Rep oligomerization for its helicase activity. 17 The DNA binding experiments with Rep have been performed with short ss-oligodeoxynucleotides, (dT) N (N [8] [9] [10] [11] [12] [13] [14] [15] [16] , that were believed to be short enough so that only a single Rep monomer could bind to each DNA. 7, 8 However, the interpretation of at least some of these results has been questioned due to the observation that in a crystal structure of a Rep-(dT) 16 complex, 6 two monomers of Rep are bound to the same molecule of (dT) 16 .
A similar monomer/oligomer controversy also surrounds the E. coli UvrD helicase, which is also a 3 H to 5 H SF1 DNA helicase that is structurally homologous to both E. coli Rep and B. stearothermophilus PcrA. Single turnover kinetic studies of the E. coli UvrD-catalyzed DNA unwinding provide evidence that UvrD oligomerization is needed for optimal DNA helicase activity in vitro. 18 However, other studies suggest that a C-terminally truncated form of the UvrD protein may function as a monomeric helicase. 19 Similarly for the hepatitis C NS3 RNA helicase, biochemical studies suggest that oligomerization is required for its helicase activity, 20 whereas crystallographic studies show no evidence for oligomers. 21 In order to determine whether the helicase activity of the E. coli Rep protein requires or is in¯uenced by oligomerization in vitro we have performed a series of pre-steady state kinetic studies of DNA unwinding over a wide range of concentrations of both the Rep protein and the DNA substrate. We have used single turnover approaches as well as studies designed to detect whether Rep assembly must precede DNA unwinding. The results of these studies demonstrate that, in the absence of additional protein factors, the monomeric Rep protein by itself is unable to initiate even partial DNA unwinding of the ®rst few basepairs at an ss-ds-DNA junction and that an oligomeric form (or forms) of Rep is required to initiate DNA unwinding in vitro.
Results
To determine whether Rep oligomerization is required for its DNA helicase activity in vitro, we have performed four types of DNA unwinding studies using pre-steady state kinetic methods. These include: (1) single turnover (STO) chemical quenched-¯ow experiments, monitoring the all-ornone unwinding of radioactively labeled DNA substrates as a function of Rep protein concentration; (2) STO stopped-¯ow experiments, monitoring the all-or-none unwinding of¯uorescently labeled DNA substrates as a function of Rep protein concentration; (3) STO stopped-¯ow experiments, monitoring partial unwinding of the ®rst few basepairs at an ss-ds-DNA junction using two different uorescently labeled DNA substrates; and (4) comparisons of the rates of DNA unwinding versus DNA binding in a pre-steady state multiple turnover experiment to assess whether Rep monomers can initiate DNA unwinding.
Single turnover kinetic studies of DNA unwinding with pre-formed Rep-DNA complexes indicate a requirement for Rep oligomerization
We have previously reported pre-steady state kinetic studies of Rep-catalyzed unwinding of short duplex DNA using both rapid chemical quenched-¯ow 22 and stopped-¯ow techniques. 17 These earlier kinetic studies were performed by pre-incubating an excess of Rep protein with a low DNA substrate concentration (pre-incubation concentrations of 2 nM DNA). The observed time courses for complete unwinding of the DNA were biphasic with a rapid unwinding phase followed by a slower phase. The amplitude of the rapid unwinding phase showed a roughly hyperbolic dependence on Rep concentration. 17 However, any requirement for Rep oligomerization in DNA unwinding, which might be expected to display a sigmoidal dependence of DNA unwinding amplitude on Rep concentration, might be masked under these conditions, since the Rep concentration was in large excess over the DNA concentration. 23 To examine the dependence of DNA unwinding on Rep protein concentration in more detail, we have performed single turnover DNA unwinding experiments at higher DNA substrate concentrations. This allows us to vary the range of Rep protein concentration from well below to well above the DNA concentration. Under conditions where Rep protein is in large excess over the DNA substrate, protein assembly will be favored. However, the binding of Rep monomer will be favored when the DNA concentration is in a large excess over the Rep concentration. Therefore, by using a high DNA substrate concentration we can examine and compare the DNA unwinding activities of the Rep monomer versus Rep oligomers. It is important that these experiments are performed as single turnover experiments which ensures that no additional free Rep protein can participate in the unwinding reaction once ATP is added. Therefore, only Rep that is pre-bound to the DNA can potentially participate in DNA unwinding. Any Rep protein that is free at the start of the reaction or that dissociates from the DNA substrate after the start of the reaction will be bound by a``protein trap'' that is added with the ATP, thus preventing any further participation in the DNA unwinding reaction.
Single turnover DNA unwinding experiments were performed using a rapid chemical quenchedow apparatus as described in Materials and Methods. In the ®rst study we used DNA substrate III (see Table 1 ), an 18 bp duplex DNA possessing a 3
H -(dT) 20 tail in which the 18 nucleotide``top strand'' of the duplex is labeled at its 5 H end with 32 P. Various concentrations of Rep protein were pre-incubated with 40 nM DNA in buffer A (25.0 C), and the reaction was initiated by the rapid addition of 3 mM ATP in buffer A. Included with the ATP was a large excess of two DNA molecules. One DNA molecule is an 18 nucleotide ss-DNA (10 mM) with a sequence that is complementary to the top 18 nucleotide strand of the DNA substrate ( 32 P-labeled DNA). This DNA will reanneal with any product ss-DNA, thus preventing re-formation of the original DNA substrate. The other ss-DNA is (dT) 16 (20 mM) , which will bind and trap any free Rep or Rep that dissociates during the course of DNA unwinding, thus preventing re-initiation of DNA unwinding and ensuring a single turnover experiment (single round of DNA unwinding). All protein and DNA concentrations reported here represent concentrations prior to mixing.
The time courses for the single turnover DNA unwinding experiments performed at a total DNA concentration of 40 nM (pre-incubation concentration) are shown in Figure 1(a) . The time courses for complete unwinding of this DNA are biphasic. The time course of the ®rst phase displays a distinct lag re¯ecting the transient formation of partially unwound DNA intermediates along the path to complete unwinding of the DNA similar to the behavior reported previously for E. coli UvrD. 18, 24 The second, slower phase, can be described by a single exponential decay, with rate constant, k NP . Since we have not yet performed experiments with Rep as a function of duplex length, which are needed to determine the precise unwinding step size, m (or equivalently, the number of intermediates, n, in equation (1)), we have analyzed these data by assuming a value of n 4 for the 18 bp duplex for Rep, based on our ®ndings for E. coli UvrD. 18, 24 The continuous lines describing the time courses in Figure 1 (a) were generated based on the parameters obtained from a global ®tting of all the unwinding time courses to equation (1) . The observation of biphasic kinetic time courses in a single turnover DNA unwinding experiment indicates that the Rep protein is pre-bound to the DNA substrate in at least two different states. One state can initiate DNA unwinding rapidly with rate constant k obs , and the other unwinds DNA with a slower apparent rate constant, k NP . This same qualitative behavior was observed for single turnover DNA unwinding experiments performed with E. coli UvrD helicase. 18, 24 Scheme 1, which we have used to analyze the single turnover DNA unwinding time courses, assumes that Rep is bound to the DNA in two forms, a productive from, (P-DNA) L , and a non-productive from, (P-DNA) NP . The non- Table 1 . DNA substrates For substrate IV and V, the¯uorescein was incorporated into the DNA using¯uorescein-dT, which is a base derivative of uorescein. For all the other¯uorophores, they were incorporated into the DNA using the phosphoramidite forms of each uorophore. The DNA sequence of the top strand is 5
productively bound Rep must ®rst slowly isomerize with rate constant, k NP , to form the productive form, which can then initiate DNA unwinding. As a result, the net rate of unwinding in the slow phase, is limited by the isomerization rate, k NP . At this point we do not know the molecular basis for the difference between the productive and the nonproductive forms of the DNA-bound Rep states that result in the two unwinding phases. However, the evidence presented below suggests that neither phase represents DNA unwinding by a Rep monomer.
Figure 1(b) shows the fraction of DNA molecules unwound in the fast phase (A lag ) and the slower second phase (A slow ) as a function of Rep (monomer) concentration. We emphasize that the amplitudes of both unwinding phases, as well as their sum (see Figure 2( One potential caveat concerning the experiments in Figure 1 is that they were performed with DNA substrate III which possesses a 20 nucleotide 3
H¯a nking ss-DNA tail. The ss-DNA binding site size of a Rep monomer is in the range of 10-12 nucleotides. 8 Hence, the 20 nucleotide long 3 H ss-DNA tail of DNA substrate III is long enough to potentially provide independent binding sites for two Rep monomers. 6 If the binding of the ®rst Rep monomer displays no selectivity for the ss-ds-DNA junction of substrate III, then it might be possible that the ss-DNA that is distal from the ss-ds-DNA junction could compete for binding of the Rep monomer to the junction. As such it might Figure 2 (a) and (b), respectively. These experiments were performed at 40 nM DNA as a function of Rep concentration under conditions identical with those used in the studies with DNA substrate III. In fact, for Rep-catalyzed unwinding of the DNA substrates with the shorter 3 H -ss-DNA tails, we observe that both the rates and the extents of DNA unwinding are lower than for DNA substrate III (3 H -(dT) 20 tail). The single turnover unwinding time courses for DNA substrates IX and X display no unwinding at Rep concentrations <160 nM (Figure 2(c) ). Although unwinding of these 3 H -(dT) 12 and (dT) 8 tailed substrates is observed at considerably higher Rep concentrations, the rates of unwinding are much slower than for the 3 H -(dT 20 ) tailed substrate. In fact, no rapid (lag) phase is observed, rather only a slow phase is observed with a rate that is comparable to the rate of the slow phase observed for the 3 H (dT) 20 tailed DNA substrate III (see Figure 2(d) ). Therefore, with these shorter (3 H -(dT) 8 and 3 H -(dT) 12 ) tailed DNA substrates, Rep seems unable to form the same type of productive complexes as it can with the 3 H -(dT) 20 -tailed substrates. However, it is also apparent that the Rep concentration dependence of the unwinding amplitudes for these shorter tailed substrates remains sigmoidal, indicating that more than one Rep monomer is required to be bound to even these shorter tailed DNA substrates in order to unwind the DNA. The midpoints of the amplitude plots occur at higher Rep concentrations for the 3 H -(dT) 8 H -ss-DNA tail distal from the ss-ds-DNA junction. Rather, these results support the interpretation that an oligomeric form of Rep is required to completely unwind these 18 bp DNA substrates.
We also performed additional controls to probe whether sequestering of Rep monomers by the excess ss-DNA on the 3 H -(dT) 20 tailed DNA substrate III could cause the sigmoidal dependence of the unwinding amplitude on Rep concentration. We performed a series of single turnover DNA unwinding experiments in which 100 nM wt Rep was pre-incubated with 100 nM DNA substrate III along with varying amounts (0, 20, 60, 100 or 200 nM) of either E. coli SSB protein or a mutant of Rep, RepK28I, which has no ATPase or helicase activity. 10 Recall that at these wt Rep and DNA substrate concentrations, no unwinding is observed in a single turnover experiment (see Figure 1) . The rationale for these experiments is that if the additional wt Rep protein (above 100 nM) were simply needed to bind to the DNA substrate in order to saturate the ss-DNA tail, then the RepK28I mutant, which has the same ss-DNA binding af®nity as wt Rep, should accomplish the same result. If wt Rep and RepK28I bind independently to the ss-DNA tail, at least 50 % of the DNA substrates should have wt Rep bound at the ss-ds-DNA junction and one would expect to observe a stimulation of unwinding activity by the K28I mutant. In fact, no unwinding was observed in these single turnover DNA unwinding experiments at any of the RepK28I concentrations from 20-200 nM (data not shown). Similarly, no unwinding was observed when E. coli SSB protein was used in place of the K28I mutant (data not shown). Therefore, the additional wt Rep monomers are not needed to simply saturate the ss-DNA tail of the DNA substrate.
The rate of DNA unwinding is limited by the rate of Rep oligomerization on the DNA, when Rep is not pre-bound to the DNA substrate The DNA unwinding experiments described above were performed by pre-incubating Rep with the DNA substrate and initiating DNA unwinding by the addition of ATP. As a further test to examine whether a Rep monomer can initiate DNA unwinding, we performed a series of pre-steady state DNA unwinding experiments initiated by direct mixing of Rep protein with the DNA substrate in the presence of ATP (i.e. without preforming the Rep-DNA complex). Since free Rep protein is monomeric in solution in the absence of DNA, the dependence of the rate of DNA unwind-ing on Rep concentration can be used to determine whether Rep monomers are able to initiate DNA unwinding or whether additional steps involving Rep protein assembly are required. No DNA or protein traps were used in these experiments, since these experiments start with free Rep monomer.
We ®rst performed stopped-¯ow experiments using a DNA substrate (substrate I in Table 1 ), which contains a¯uorescent donor (¯uorescein (F)) and acceptor (hexachloro¯uoroscein (HF)) covalently linked to the 3 H end of the top and 5 H end of the bottom strands, respectively, (i.e. at the blunt end) of the 18 bp duplex. Bjornson et al. 17 characterized this DNA substrate, which has a 3 H -(dT) 20 tail and showed that unwinding of the duplex DNA can be monitored by the increase in donor (F)¯uorescence that results from the loss of¯uor-escence resonance energy transfer (FRET) between the donor and acceptor (HF)¯uorophores upon complete unwinding of the duplex DNA. Rep protein in buffer A at various concentrations in one syringe of the stopped-¯ow was rapidly mixed with 1 nM DNA (®nal concentration after mixing) and ATP in buffer A in the other syringe.
The¯uorescence time courses for these direct mixing DNA unwinding experiments are shown in Figure 3 . A very similar value for the bimolecular association rate constant is observed under the same conditions at 25.0 C (J. Hsieh, unpublished results). However, the bimolecular association rate constant for Rep dimerization to form a P 2 S Rep dimer is 4.5(AE0.3) Â 10 5 M À1 s À1 , nearly a factor of 100 smaller, and comparable to the apparent bimolecular rate constant determined from the slope in Figure 3 (b). This comparison suggests that Rep protein oligomerization, rather than DNA binding, is likely to be the rate-limiting step for DNA unwinding in the direct mixing experiments.
In order to further examine any requirement for Rep protein assembly in DNA unwinding we compared the kinetics of Rep monomer binding to the DNA unwinding substrate with the kinetics of DNA unwinding, as a function of Rep protein concentration. The kinetics of Rep monomer binding to the DNA substrate were examined using a DNA substrate (18 bp duplex) containing etheno-adenosine (deA), a¯uorescent analog of adenosine, positioned within the 20 nucleotide 3 H -ssDNA tail (substrate II in Table 1 ). The 20 nucleotide 3
H -ss- 
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DNA tail has the sequence of 3 H -d(TeA) 10 . Upon binding of Rep to this substrate, the eA¯uor-escence is enhanced by $40 %, providing a convenient signal to monitor the kinetics of Rep binding using stopped-¯ow techniques. In addition, by radiolabeling with 32 
P the 5
H -end of the top strand of the same DNA substrate, we can examine the kinetics of complete unwinding of this DNA substrate under exactly the same conditions using chemical quenched-¯ow techniques.
Experiments monitoring the kinetics of Rep monomer binding to the DNA substrate were performed in the stopped-¯ow instrument by mixing Rep at different concentrations in one syringe with 25 nM DNA substrate II and 1.5 mM ATP in the other syringe (®nal concentrations after mixing), both in buffer A at 25.0 C. Figure 4 (a) shows the¯uorescence time courses at Rep concentrations ranging from 100 to 400 nM (®nal concentrations). Each time course displays a single exponential increase in deA¯uorescence that is essentially complete within one second. The observed rate constants determined from a single exponential ®t to each time course display a roughly hyperbolic dependence on Rep concentration as shown in Figure 4 (b). The rates for the three lowest Rep concentrations display a nearly linear dependence on Rep concentration, with a slope of 4.3(AE0.2) Â 10
. This slope provides a lower estimate for the bimolecular rate constant for Rep monomer binding to the DNA substrate and is the same, within experimental uncertainty, as the value determined for Rep monomer binding to the ss-oligodeoxynucleotide, (dT) 16 . 25 The hyperbolic dependence of the observed rate constant on Rep concentration indicates that Rep monomer binding to the DNA substrate occurs by a minimum of two steps. We therefore analyzed these data using the two-step mechanism shown in Scheme 2, where P represents Rep monomer, D represents DNA unwinding substrate, and PD and PD* represent two conformations of the Rep monomer-DNA substrate complex. By globally ®tting the kinetic traces at different Rep concentrations to this minimal mechanism, we obtained the following estimates for the individual rate constants:
. In this global analysis, the observed¯uorescence change was assigned to the formation of PD*, an isomerized form of PD, since if any signal change occurred upon formation of PD, then single exponential time courses would not be observed. The simulated time courses based on the rate constants obtained from the global ®t are shown as broken lines in Figure 4 (a).
We next examined the kinetics of unwinding of the same DNA substrate (substrate II) using chemical quenched-¯ow techniques under the identical solution conditions. Rep protein at various concentrations in buffer A was rapidly mixed with 1 nM 32 P-labeled DNA substrate II (®nal concentration) in buffer A containing ATP. It is important to note that in these quenched-¯ow experiments only fully unwound DNA is detected. The DNA unwinding time courses obtained at four Rep concentrations are shown in Figure 5 Knowledge of the kinetic mechanism and the values of the rate constants for Rep monomer binding to the DNA substrate allows us to determine whether the time courses for Rep-catalyzed DNA unwinding shown in Figure 5 are quantitatively consistent with a mechanism in which Rep monomers are the active helicase species. To examine this, we considered mechanisms in which a Rep monomer binds to the DNA, can undergo any number of isomerizations to eventually form an active monomer-DNA complex, which can then unwind the DNA. Based on the known kinetic mechanism for Rep monomer binding to the DNA substrate (Scheme 2), we ®rst considered Scheme 3 in which Rep monomer (P) binding (step 1) is followed by two isomerizations to form an active complex (PD**), which can then unwind the DNA duplex with macroscopic rate constant, k 4 .
We used this mechanism, constraining the rate constants, k 1 , k À1 , k 2 and k À2 , to their values determined from the stopped-¯ow DNA binding studies (see Figure 4) , and performed a global analysis of the unwinding data to obtain best ®t parameters for the remaining rate constants, k 3 , k À3 , k 4 and k À4 . The global ®t of the data to Scheme 3 (active monomeric helicase) is shown in Figure 5 (a) and is seen to be poor. Inclusion of any number of Scheme 3. additional isomerization steps does not improve the global ®t of a Rep monomer mechanism.
We next considered the mechanism in Scheme 4 in which a Rep dimer is the active helicase. In this case, step 3 involves binding of an additional Rep monomer to PD* to form a P 2 D complex, which can then unwind the duplex DNA with macroscopic rate constant k 4 . The global ®t of the experimental unwinding data to Scheme 4 is shown in Figure 5 (b) and provides a good description of all the data. In this ®t, as above, the Rep monomer binding rate constants, k 1 , k À1 , k 2 and k À2 , were constrained to the values determined from the stopped-¯ow DNA binding studies (see Figure 4) , and only k 3 , k À3 , k 4 and k À4 were allowed to¯oat in the global ®tting procedure. The individual rate constants obtained from the global ®t to Scheme 4 are:
, and k À4 1.2(AE0.4) Â 10 À2 s À1 . We note that the value of the Rep dimerization rate constant, k 3 , agrees well with the apparent bimolecular rate constant determined from the slope of the plot in Figure 3 (b), suggesting that Rep dimerization is the rate-limiting step for DNA unwinding in such a direct mixing experiment. It also agrees with the value of the Rep dimerization rate estimated from stopped-¯ow studies of the kinetics of Rep binding to ss-oligodeoxynucleotides. 25 The analysis of these direct mixing DNA unwinding studies is not consistent with a Rep monomer being able to initiate unwinding of the duplex DNA in vitro. However, these data cannot rule out that the active oligomeric species are larger than Rep dimers.
Single turnover DNA unwinding of DNA substrates designed to detect partial unwinding of the duplex DNA The results discussed above indicate that Rep monomers are not able to completely unwind a duplex DNA, even one as short as 18 bp. However, the limitation of the radioactive DNA unwinding assays discussed above is that they only detect fully unwound DNA and thus are``all or none'' experiments. Therefore, the possibility exists that monomeric Rep protein has some limited unwinding activity and can initiate but not complete the unwinding of the 18 bp duplex DNA. For example, if the Rep monomer has a very low processivity, it might dissociate from the DNA Initiation of Rep Helicase Activity in vitro before complete unwinding of the duplex is achieved. To directly address this possibility, we designed a DNA substrate (substrate IV in Table 1 ) that provides a spectroscopic signal upon partial unwinding of the DNA duplex. This DNA has hexachloro¯uorescein (HF) at the 5 H -end of the top strand, and a¯uorescein (F) derivative of thymidine in the bottom strand at the ss-ds-DNA junction, just opposite the HF. Thus, the bottom DNA strand has a continuous, normal 3
H to 5 H phosphodiester backbone. As discussed above and previously, 17 FRET can occur from F to HF when thē uorescent pair is in close proximity (duplex), whereas FRET is diminished as the F/HF pair becomes separated.
Using the chemical quenched-¯ow radioactive assay, we ®rst determined that DNA substrate IV can be unwound by Rep (see Figure 6 ). Single turnover unwinding of DNA substrate IV was studied as with DNA substrate III, except that the 32 P label was at the 5 H -end of the bottom strand. DNA unwinding time courses performed at three different Rep concentrations (40 nM DNA) are shown in Figure 6 (b). Also superimposed on the data in Figure 6 (b) are the unwinding time courses obtained with DNA substrate III (broken lines) under identical solution conditions. This comparison indicates that DNA substrate IV is unwound, although with slightly slower overall kinetics than DNA substrate III. Global ®tting of the unwinding time courses to equation (1), assuming n 4 yields k obs 6.6(AE0.3) s À1 for DNA substrate IV, which is about twofold slower than the value of k obs determined for DNA substrate III.
We next examined the¯uorescence properties of DNA substrate IV in preparation for performing DNA unwinding experiments monitoring changes in FRET. DNA substrate IV (10 nM) was pre-incubated with 200 nM Rep and the¯uorescein¯uor-escence was excited at 492 nm and the¯uorescence emission spectrum examined from 500 to 620 nm. Fluorescein has its emission maximum at 520 nm, whereas HF has its emission maximum at 560 nm. The¯uorescence emission spectrum for DNA substrate IV in complex with Rep in the absence of nucleotide (buffer A) is shown as a continuous black curve in Figure 7 (a). Four minutes after the addition of ATP (to 1.5 mM ®nal concentration), the¯uorescein¯uorescence emission was enhanced approximately threefold, with a corresponding decrease of the¯uorescence emission from HF. This spectral change re¯ects the increase in¯uorescein¯uorescence due to the loss of FRET upon unwinding of the DNA substrate. 17 In contrast, after addition of AMPPNP, a non-hydrolyzable ATP analog, the emission spectrum (green dash) remained unchanged, consistent with the fact that ATP hydrolysis is required for DNA unwinding.
We have determined that partial unwinding of DNA substrate IV results in an observable FRET signal based on the following experiment. We compared directly the time courses of the FRET signals obtained from single turnover DNA unwinding experiments performed with DNA substrates IV and I. For DNA substrate I, which contains the F/ HF FRET pair at the blunt end of the DNA duplex, the change in the FRET signal occurs only upon complete unwinding of the duplex. If the change in the FRET signal for DNA substrate IV occurs upon partial unwinding of the DNA duplex, then the onset of the FRET signal from DNA substrate IV should precede in time the onset of the FRET signal from DNA substrate I. Alternatively, if both substrates only detect complete unwinding of each duplex, then the time courses of the FRET signal Figure 7 (b) for experiments performed by pre-incubating Rep (600 nM) with each DNA substrate (100 nM) in buffer A and initiating the reaction by addition of ATP and two ss-DNA traps to prevent reannealing of the unwound DNA substrate and to prevent rebinding of Rep to the DNA, as described above. The time course of the FRET signal from DNA substrate I (F/HF at the blunt end) occurs with a distinct lag phase as expected, since the FRET signal only occurs upon complete unwinding of the 18 bp duplex. However, the time course of the FRET signal from DNA substrate IV occurs much faster and without a lag, indicating that the FRET signal re¯ects partial unwinding of the duplex DNA. The time course of the FRET signal from DNA substrate IV can be described by the sum of two exponential phases, with an observed rate for the ®rst phase of 5.2(AE0.3) s
À1
. This rate is very close to the step rate obtained from analysis of the quenched-¯o w DNA unwinding experiments with this same DNA substrate IV (k obs 6.6(AE0.3) s À1 ) using equation (1) with n 4 (i.e. 4-5 bp per step). These results suggest that the FRET signal from DNA substrate IV detects unwinding of at least the ®rst 4-5 bp, and possibly fewer.
Using DNA substrate IV, we performed single turnover DNA unwinding experiments in the stopped-¯ow instrument, monitoring the kinetics of the increase in¯uorescein¯uorescence resulting from the initiation of DNA unwinding at the ss-ds-DNA junction. Rep protein at various concentrations was pre-mixed with 100 nM DNA substrate IV. This pre-mixed complex was then rapidly mixed with ATP and two ss-DNA traps to prevent reannealing of the unwound DNA substrate and to prevent rebinding of Rep to the DNA. The Rep protein concentration was varied from 20 nM, ®vefold below the DNA substrate concentration, to 1 mM, which is tenfold greater than the DNA substrate concentration. Stopped-¯ow experiments were performed by pre-mixing each DNA substrate (100 nM) with Rep protein (600 nM monomer) in buffer A at 25.0 C, followed by mixing with ATP (1.5 mM ®nal concentration). The ATP solution also contained 20 mM dT 16 (see Materials and Methods) as well as an excess of non-¯uorescent ss-DNA (10 mM) with a sequence that is complementary to the top strand of the duplex region of the DNA substrate. These are present to trap any free Rep protein and to prevent re-annealing of the¯uorescent DNA substrate after complete unwinding, respectively. The reaction was monitored by the change in¯uorescein uorescence by exciting at a wavelength of 492 nm and monitoring¯uorescein¯uorescence using a 520 nm interference ®lter. Although the binding of Rep to DNA substrate IV results in a slight quenching of the¯uor-escein¯uorescence, all of the kinetic traces shown have been shifted so that the initial¯uorescence of each (ordinate values) starts at zero. escence is observed upon Rep binding. This substrate was used to monitor binding rather than substrate IV, since the¯uorescein¯uorescence signal change is much greater for substrate V. Comparison of the Rep binding curve with the observed¯uorescence enhancement due to DNA unwinding indicates two important results. First, the Rep binding isotherm is not sigmoidal, and second, the¯uorescence enhancement due to partial unwinding of the ®rst few base-pair of the DNA by Rep is only observed at Rep concentrations much higher than those for which Rep monomer binding has already occurred. These results indicate that even partial unwinding of the DNA duplex is not detectable under conditions where only Rep monomers are bound to the DNA substrate and that additional Rep protein is required to bind to the DNA in order to even initiate DNA unwinding under these conditions in vitro.
Analysis of the¯uorescence quenching signal associated with Rep binding to DNA substrate V 
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in Figure 8 (c) indicates that the signal saturates at a ratio of two Rep monomers per DNA substrate. When only one Rep monomer is bound per DNA substrate, no DNA unwinding is observed. However, the fact that the maximum DNA unwinding signal requires even higher Rep concentrations than a 2:1 ratio suggests either that the active form of Rep required for initiation of DNA unwinding is larger than a dimer, or that if a Rep dimer is the active form, less than 100 % of the Rep population possesses DNA unwinding activity. Additional experiments will be needed to differentiate between these two possibilities. We also performed a similar set of stopped-¯ow experiments with DNA substrate XI, which has the F/HF FRET pair at the ss-ds DNA junction, but has a 3 H -(dT) 40 tail. In Figure 8( We designed a second DNA substrate (substrate VI in Table 1 ) possessing a different FRET pair, which is also able to detect partial unwinding of the DNA duplex. However, the FRET signal from this DNA substrate should be more sensitive and able to detect unwinding of the ®rst few base-pairs of the duplex. In DNA substrate VI, the¯uorescent probes, Cy3 (donor) and Cy5 (acceptor), were introduced into the DNA molecule such that Cy3 is located at the 5 H -end of the bottom strand, and Cy5 is located at the 5 H -end of the top strand. This FRET pair has previously been characterized and used to study RNA catalysis and folding. 26 The design of DNA substrate VI differs from substrate IV in that the distance between the two¯uoro-phores in substrate VI is $61 A Ê for an 18 bp B-form DNA duplex. Since the value of R o , for the Cy3-Cy5 FRET pair is $53 A Ê , 27 ,28 perturbations of even the ®rst base-pair at the ss-ds-DNA junction within DNA substrate VI are expected to result in a detectable change in FRET ef®ciency,
, where r is the distance between the donor and acceptor pairs and R o is the Forster distance characteristic for the particular donor/acceptor FRET pair for which E 0.5 (50 % of its maximum value). For example, a 20 % change in FRET ef®ciency is expected if the average distance between the Cy3/Cy5 FRET pair changes by only $3 A Ê , which should be suf®cient to detect unwinding of the ®rst 1-2 bp of the DNA duplex at the junction. A further advantage of the Cy3 and Cy5 FRET pair is that the¯uorescence emission spectra of Cy3 and Cy5 are well separated, thus allowing simultaneous detection of both the increase in¯u-orescence from the donor (Cy3) and the decrease in¯uorescence from the acceptor (Cy5) in a single DNA unwinding experiment. DNA substrate VI also does not contain a¯uorophore in the bottom strand at the ss-ds-DNA junction, which should eliminate potential concerns that the¯uorescein in DNA substrate IV might inhibit the helicase activity of a Rep monomer at the junction. Figure 9 (a) shows the¯uorescence emission spectrum of DNA substrate VI in buffer A (l ex 515 nm). In the stopped-¯ow experiments described below, the¯uorescence of the Cy3 donor was excited at 515 nm, a wavelength at which the Cy5 acceptor has essentially no absorbance. Thē uorescence emission from Cy3 was monitored using a 570 nm interference ®lter, whereas the emission from Cy5 was monitored using a 665 nm long-pass ®lter. By working in the dual-wavelength detection mode of the stopped-¯ow instrument, the time courses of the¯uorescence changes from both the donor (Cy3) and acceptor (Cy5) could be monitored simultaneously in a single experiment.
Single turnover DNA unwinding studies were performed at 100 nM DNA substrate VI in the stopped-¯ow instrument. Rep protein at various concentrations was pre-incubated with substrate VI and rapidly mixed with ATP containing an excess of the two ss-DNA molecules serving as traps to prevent re-initiation of free Rep and reannealing of the duplex. The time courses of¯uor-escence emission from both Cy3 and Cy5 were monitored simultaneously as shown in Figure 9 (b) for an experiment performed at 1.4 mM Rep. Thē uorescence from the donor (Cy3) undergoes a rapid initial decrease followed by a slower enhancement, whereas the¯uorescence from the acceptor (Cy5) displays a mirror image rapid¯uor-escence increase followed by a slower decrease. Both traces can be ®t to the sum of two exponential phases (see below). The Cy3 and Cy5¯uorescence signals show an exact anti-correlation for each phase, with identical rates for both the donor and acceptor traces, indicating the¯uorescence changes are indeed due to FRET.
To determine whether the rapid FRET signal changes observed at early times re¯ect partial unwinding of the duplex by Rep, we performed identical single turnover unwinding experiments with another DNA substrate (substrate VIII, Table 1 ), in which the Cy3 and Cy5¯uorophores are positioned at the end of the 18 bp duplex. Since the FRET signal change from unwinding of DNA substrate VIII should re¯ect complete unwinding of that duplex, these should occur at later times than the FRET signals from DNA substrate VI, if the latter are sensitive to partial unwinding. In Figure 9 (c) we show a comparison of the time courses of the Cy3¯uorescence signal changes from DNA substrates VI and VIII resulting from a single turnover DNA unwinding experiment at 800 nM Rep in buffer A (25 C). For comparison purposes we have forced the initial values of the Cy3¯uorescence signals for each DNA substrate to start at zero and compared their relativē uorescence changes. The Cy3 FRET signal from DNA substrate VIII shows a distinct lag followed by an increase in¯uorescence re¯ecting the loss of energy transfer from Cy3 to Cy5 upon complete unwinding of the DNA duplex. However, the Cy3 FRET signal change from DNA substrate VI displays a rapid decrease followed by a slower increase in¯uorescence. The slower increase in¯u-orescence occurs at essentially the same rate as is observed for the Cy3¯uorescence increase for DNA substrate VIII. This indicates that the rapid phase observed with DNA substrate VI re¯ects FRET changes occurring in early steps during duplex unwinding, whereas the second slower phase is associated with complete unwinding of the substrate. Indeed, the rate of 11(AE4) s
À1
measured for the fast phase with DNA substrate VI is comparable to the step rate constant k obs derived from quenched-¯ow unwinding experiments with DNA substrate III (Figure 1(c) ). Therefore, the FRET changes observed at early times with DNA substrate VI re¯ect changes due to partial unwinding of the ®rst few base-pairs of the duplex. It is interesting to note that if the FRET changes observed upon Rep unwinding of DNA substrate VI in Figure 9 (b) are solely the result of changes in average distance between the Cy3/Cy5¯uoro-phores upon DNA unwinding (although these could have contributions from changes in orientation as well), then this would indicate that the 5 H end of the top DNA strand and the 5 H end of the bottom DNA strand come closer together during the initial stages of DNA unwinding before they become further separated after complete unwinding. and thus is not due to a partial DNA unwinding, since that would result in a change in the distance between the two¯uorophores. Instead, it re¯ects a direct interaction of Rep monomers with the Cy5 at the ss-ds DNA junction in DNA substrate VI that decreases the¯uorescence quantum yield of Cy5 and which is reversed upon dissociation of Rep monomer upon addition of ATP. However, Figure 10(b) shows a small, but signi®cant deviation from single exponential behavior due to a rapid phase that occurs within the ®rst 0.5 second. This rapid initial phase re¯ects some partial DNA unwinding that ®rst becomes detectable at this Rep concentration, since a concomitant transient decrease in Cy3¯uorescence also becomes detectable at this same Rep concentration, as shown in Figure 10 (c). These transient FRET signals become increasingly enhanced at higher [Rep] as shown in Figure 10 (a).
Rep monomers bound to a DNA substrate dissociate upon addition of ATP As discussed above, initiation of Rep-catalyzed DNA unwinding was only observed in single turnover experiments with DNA substrates IV and VI when Rep concentrations were in excess over the DNA substrate concentration even though Rep is bound to the DNA at the lower [Rep] . Under conditions such that [Rep monomer]/[DNA] 4 1, upon addition of ATP we observed a¯uorescence change that is a much slower, single exponential time course with a much lower amplitude than is observed at the higher Rep concentrations where DNA unwinding occurs. In experiments with DNA substrate IV, this slower¯uorescence change occurs at a rate of 0.24(AE0.04) s
, whereas with DNA substrate VI, an enhancement of Cy5 uorescence occurs at a slow rate of 0.45(AE0.03) s
. The magnitudes of these rates, together with the linear dependence of the amplitudes of the¯uorescence changes on Rep concentration, suggests that these low amplitudē uorescence changes re¯ect dissociation of Rep monomers from the DNA substrate upon addition of ATP.
To test this hypothesis, we performed stoppedow experiments to directly detect any dissociation of Rep protein from the DNA substrate upon addition of ATP. A non-¯uorescent DNA substrate III (100 nM) was pre-incubated with various concentrations of Rep protein at [Rep monomer]/ [DNA] 4 1, and then rapidly mixed with ATP containing an excess of a¯uorescent ss-DNA (4 mM) that will bind any Rep that dissociates from the DNA substrate. The ss-DNA trap, dT 5 (2-AP) T 4 (2-AP)T 5 , contains the¯uorescent adenosine base analog 2-amino purine (2-AP). As described previously, 25 Rep binding to this ss-oligodeoxynucleotide results in an enhancement of 2-AP¯uor-escence. Therefore, any Rep that dissociates from the DNA substrate upon addition of ATP will bind rapidly to the excess dT 5 (2-AP)T 4 (2-AP)T 5 , resulting in a¯uorescent signal that will monitor the rate of Rep dissociation. The association rate constant for Rep monomer binding to dT 5 ) re¯ecting the rapid binding of Rep monomer to the¯uorescent ss-DNA trap. Therefore, the slow rate of 2-AP¯uorescence enhancement (0.48(AE0.04) s À1 ) is limited by the rate of dissociation of Rep monomer from DNA substrate III. These results also indicate that all of the Rep is bound to DNA substrate III prior to the addition of ATP, since only a single exponential phase is observed. The observed rate constant for Rep monomer dissociation from the DNA substrate as monitored by the change in 2-AP¯uor-escence of the ssDNA trap is identical with the rate constant determined from the rate of Cy5¯uor-escence enhancement using DNA substrate VI (0.45(AE0.03) s À1 ) (see Figure 10(b) ). The same type of stopped-¯ow experiments were also performed to directly determine the rate of Rep monomer dissociation from DNA substrates VI and VII (for [Rep]/[DNA] 4 1), both of which contain Cy3 and Cy5¯uorophores but at different positions within the DNA (see Table 1 ). For DNA substrate VI, the 2-AP¯uorescence time courses were very similar to those observed for DNA substrate III. The single exponential rate of 2-AP enhancement yields a dissociation rate constant of 0.44(AE0.06) s À1 for Rep monomer dissociation from DNA substrate VI, which is identical with the rate of Cy5¯uorescence enhancement observed from experiments performed with the same substrate (see Figure 10(b) ). This indicates that both rates are monitoring the ATP-dependent dissociation of Rep monomer from DNA substrate.
These results indicate that when Rep monomer is bound to a DNA substrate, addition of ATP results in dissociation of the Rep monomer, rather than initiation of DNA unwinding. Initiation of DNA unwinding occurs only at Rep concentrations in excess over the DNA substrate concentration. Therefore, even though Rep monomers are bound to the DNA they are unable to initiate unwinding in vitro.
ATP-induced dissociation experiments performed with DNA substrate VII (see Figure 11(b) ) also show a single exponential enhancement of 2-AP¯uorescence, but with a slightly slower dissociation rate constant of 0.24(AE0.04) s À1 . Although this observed rate of dissociation is about twofold slower than observed with substrates III and VI, it is identical with the rate constant obtained when the same experiment is performed with DNA substrate IV, while monitoring the change in uorescein¯uorescence (Figure 8(b) ).
The observed rates of ATP-induced Rep monomer dissociation from the various DNA substrates, as monitored by 2-AP¯uorescence of the ssDNA trap, are summarized in Figure 11 (c), along with the rates of dissociation obtained by monitoring the¯uorescence changes of the¯uor-ophores within the DNA substrates under STO unwinding conditions. These data indicate that there are two classes of dissociation rate constants (0.23(AE0.04) s À1 and 0.46(AE0.05) s À1 ). The DNA substrates that display a slower rate of Rep monomer dissociation all possess a¯uoro-phore at the ss-duplex DNA junction in the bottom strand. DNA substrates that do not have ā uorophore in that position display the faster rate of Rep monomer dissociation. In contrast, ¯uorophore modi®cation of the top strand has little effect on these dissociation rate constants. These results suggest that a Rep monomer interacts in some manner with the ss-ds-DNA junction or a¯uorophore at the ss-ds-DNA junction if it is present on the bottom strand.
Discussion
Although the E. coli Rep protein exists as a stable monomer in solution in the absence of DNA, previous experiments indicate that Rep can dimerize upon binding either ss or duplex oligodeoxynucleotides and that its ATPase and DNA binding properties are affected by dimerization. 8, 9, 12, 13 Studies of the ATPase properties of wild-type Rep P 2 17, 22 Kinetics experiments were performed using two basic protocols. First, single turnover unwinding experiments were performed by preincubating Rep with the DNA substrate and initiating unwinding by addition of ATP; inclusion of a trap for free Rep protein with the ATP ensured a single turnover of the DNA substrate. In this way, only pre-bound Rep-DNA complexes that are competent for unwinding are monitored, without contributions from any rebinding of free Rep. Such experiments were performed using both chemical quenched-¯ow (with radioactively labeled DNA) as well as stopped-¯ow (with¯uorescently labeled DNA). In this way, we could perform experiments that monitored either complete unwinding of the duplex DNA or partial unwinding of the ®rst few base-pairs at the ss-ds-DNA junction. A second type of experiment (direct mixing) was also performed in which the DNA unwinding reaction was initiated by mixing free Rep protein with the DNA substrate in the presence of ATP. In such direct mixing experiments, the observed rate of production of unwound ss-DNA is also in¯uenced by the rates of any steps that precede the unwinding reaction, such as the rate of Rep binding to the DNA or self-assembly of Rep (oligomerization The limitation of the quenched-¯ow experiments performed with radioactively labeled DNA and the stopped-¯ow experiments with the FRET pair at the duplex blunt end is that they detect only complete unwinding of the DNA duplex. Therefore, it is possible that a Rep monomer could initiate, but not completely unwind the duplex due to a low processivity (i.e. the monomer might dissociate after unwinding was initiated). To examine whether Rep monomers have the ability to even initiate unwinding, two DNA substrates were used, both of which contained¯uorescent FRET pairs that are sensitive to the unwinding of the ®rst few base-pairs of the duplex. In single turnover (pre-mixing) 6 Based on X-ray crystal structures of the PcrA protein 30 and its complexes with short ss-ds-DNA oligodeoxynucleotides, 14 a monomeric inch-worm mechanism has been proposed. 15, 31 Although pre-steady state studies of the ATPase activity of the PcrA monomer bound to ss-oligodeoxynucleotides suggest that a PcrA monomer can translocate along ss-DNA, 16 no direct tests to determine whether a PcrA monomer can function as a helicase have been reported. In fact, the experiments reported here with Rep as well as previous studies, 22 indicate that a Rep monomer by itself does not initiate DNA unwinding in vitro by simply binding to the 3 H ss-DNA tail and translocating along the ss-DNA until it reaches the ss-ds DNA junction.
Do the crystal structures of Rep-ss-DNA complexes 6 and PcrA bound to a ss-ds-DNA junction 14 bear on the active forms of these helicases? A crystal structure of Rep bound to (dT) 16 6 showed two Rep monomers bound to one molecule of (dT) 16 , with one Rep monomer in thè`c losed'' conformation and the other in thè`o pen'' conformation. Although it was argued that this con®guration was not likely to represent the active Rep dimer, we need to reconsider the possibility that this con®guration may have functional signi®cance. It is also important to note that the structures of PcrA bound to a ss-ds-DNA junction 14 were obtained from crystals formed with an $twofold excess of DNA over PcrA with a DNA possessing only a seven nucleotide 3 H -ssDNA tail. These conditions of excess DNA will favor the binding of PcrA monomers and, as we have shown here, under these conditions we do not observe any unwinding activity by a Rep monomer at these low protein to DNA ratios. Therefore, the possibility exists that the PcrA-DNA structures 14 may not represent an active complex. Biochemical studies, such as those reported here, need to be performed to test whether such a monomer PcrA complex is active.
Finally, we emphasize that the studies reported here demonstrate that Rep monomers are not able to initiate DNA unwinding in vitro. As yet, we do not understand why oligomerization is required or even whether oligomerization is required for continued unwinding once initiation has occurred. For example, it is possible that oligomerization is required only transiently to initiate the unwinding reaction, but that once initiated a monomer is able to continue the unwinding process. Furthermore, it is possible that a Rep monomer might be able to carry out DNA unwinding when it is in a complex with an accessory protein, such as the fX174 gene A protein. However, the studies reported here indicate that Rep self association is required to initiate unwinding of DNA in the absence of other proteins in vitro.
Materials and Methods

Buffers
Buffers were made with reagent grade chemicals using glass distilled water that was deionized using a Milli-Q System (Millipore Corp., Bedford, MA). Buffer A is 20 mM Tris-HCl, 6 mM NaCl, 1.7 mM MgCl 2 , 5 mM 2-mercaptoethanol, 10 % (v/v) glycerol (spectrophotometric grade, Aldrich, Milwaukee, WI), titrated to pH 7.5 at 25 C.
Rep protein and DNA substrates E. coli Rep protein was puri®ed to >99 % homogeneity as described, 32 and its concentration determined spectrophotometrically, based on an extinction coef®cient for the monomer of e 280 7.68 Â 10 4 M À1 cm
À1
. 22 Oligodeoxynucleotides were synthesized using an ABI model 391 automated DNA synthesizer (Applied Biosystems, Foster City, CA) with standard b-cyanoethyl phosphoramidite chemistry. DNA concentrations are given as molecule concentrations. All phosphoramidites were purchased from Glenn Research (Sterling, VA). All¯uor-escent probes were incorporated into the oligodeoxynucleotides at desired positions during automated synthesis, using either the phosphoramidite form of thē uorophores or¯uorescent derivatives of the deoxynucleotides. Oligonucleotides were deblocked and puri®ed to >99 % homogeneity by PAGE as described. 22 The concentrations of the oligodeoxynucleotides were determined by absorbance at 260 nm in 10 mM PBS containing 0.1 M NaCl (pH 7.0) at 25 C. The extinction coef®cients of oligodeoxynucleotides at 260 nm were calculated using the nearest-neighbor approximation 33 and the extinction coef®cients provided by Gray et al. 34 For the oligodeoxynucleotides possessing¯uorescent groups, the absorbance at 260 nm was corrected for any contribution from the¯uorophores. For ethenoadenosine-containing oligodeoxynucleotides, the nearestneighbor parameters were calculated as described. 35 All DNA concentrations reported are concentrations of DNA molecules. Oligonucleotides were radio-labeled with 32 P at the 5 H end by T4 polynucleotide kinase (U.S. Biochemical Corp., Cleveland, OH) and puri®ed as described. 18 DNA substrates were prepared by mixing equal concentrations of two complementary strands in 10 mM TrisHCl, 0.10 M NaCl, 1 mM MgCl 2 (pH 7.5) at 25 C, followed by heating for three minutes at 90 C and slow cooling to room temperature. All the DNA substrates prepared in this study contain an 18 bp duplex region with a 3 H -ss-DNA tail (all oligothymidylates), as shown schematically in Table 1 . The base sequence of the``top strand'' of the 18 bp duplex (without the ss-DNA tail) is given in the legend to Table 1 and is the same as used in previous experiments. 17 Fluorescence stopped-flow kinetic studies Stopped-¯ow experiments were carried out in buffer A at 25.0 C using an Applied Photophysics !SX18MV
Initiation of Rep Helicase Activity in vitro stopped¯ow instrument (Applied Photophysics Ltd., Leatherhead, UK) supplied with a 150 W Xe arc lamp. The ®nal solution conditions for all DNA unwinding experiments were buffer A 1.5 mM ATP at 25.0 C. All optical ®lters were purchased from Oriel Corp. (Stratford, CT). Fluorescein was excited at 492 nm and its¯uorescence emission was monitored at wavelengths >520 nm using either a long-pass ®lter (Oriel cat. no. 51300) 17 or a 520 nm interference ®lter (Oriel cat. no. 53870) as indicated. Etheno-adenosine (eA)¯uorescence was excited at 320 nm and its emission was monitored at wavelengths >385 nm using a long-pass ®lter (Oriel cat. no. 51270). For¯uorescence resonance energy transfer (FRET) experiments using Cy3 and Cy5 modi®ed DNA substrates, the¯uor-escence of the Cy3 donor was excited at 515 nm, the wavelength at which there is essentially no absorbance from Cy5. The dual wavelength detection mode was used to simultaneously monitor the¯uorescence from both Cy3 and Cy5. The¯uorescence emission from Cy3 was monitored using a 570 nm interference ®lter (Oriel cat. no. 53905) and the sensitized¯uorescence emission from Cy5 was monitored using a 665 nm long-pass ®lter (Oriel cat. no. 51330). 2-Aminopurine (2-AP)¯uorescence was excited at 315 nm and its emission monitored at wavelengths >350 nm using a long-pass ®lter (Oriel cat. no. 51260) as described. 25 All slitwidths were 1-2 mm. All reactant solutions were made on ice in buffer A and further incubated in the reservoir syringes of the stopped-¯ow instrument at 25.0 C for at least ®ve minutes prior to mixing. The kinetic traces shown represent an average from at least ten individual determinations. When applicable, the¯uorescence time courses were ®t to either one or a sum of exponential terms using the software provided by the instrument manufacturer. The errors reported for the observed rates and amplitudes represent the standard error.
For single turn-over (STO) DNA unwinding experiments, all protein and DNA concentrations reported are the pre-incubation concentrations before mixing with ATP unless otherwise stated in the text. In these experiments a large excess of the ss-DNA, (dT) 16 , was included in the ATP solution to serve as a trap to prevent re-initiation of DNA unwinding by any Rep protein that has dissociated during the course of DNA unwinding. The trap DNA concentrations (indicated in the text) were shown to be adequate by demonstrating that no unwinding of the DNA substrate was observed if Rep protein, at the highest concentration used in our experiments, was pre-incubated with both the DNA substrate and the trap DNA before addition of ATP. For STO experiments performed at high DNA substrate concentrations (40-100 nM), a second ss-DNA trap with a nucleotide sequence complementary to the top DNA strand of the 18 bp duplex was also included in the ATP solution in order to prevent reformation of any DNA substrate through re-annealing of the unwound DNA products.
For the``direct mixing'' experiments reported in Figures 3 and 4 , the concentrations reported are the ®nal DNA and Rep protein concentrations after mixing.
Steady state fluorescence spectra and equilibrium fluorescence titrations
Steady state¯uorescence spectra were measured using an SLM 8000C spectro¯uorometer (SLM-Aminco, Urbana, IL). Samples in buffer A at 25.0 C (3 ml quartz cuvette) were excited at the appropriate wavelength (2 nm slitwidth) and emission spectra collected (4 nm slitwidth). An excitation wavelength of 492 nm and an emission wavelength of 520 nm (4 nm slitwidth) were used for the equilibrium titrations of DNA substrate V (Figure 8(c) ) with Rep. A blank titration was also performed using the identical DNA substrate but without¯uorescein. The¯uorescence intensities at each titration point i were thus corrected by subtraction of the signal from this blank titration. The percentage¯uorescence quenching was calculated as (F i À F 0 )/F 0 , where F i is the corrected¯uorescence intensity for titration point i and F 0 is the initial¯uor-escence of the DNA sample before addition of Rep. After each addition of Rep protein, the sample was stirred with a polyethylene rod and equilibrated for at least ten minutes with the shutters closed.
Rapid chemical quenched-flow kinetic experiments
Rapid chemical quenched-¯ow experiments were carried out using a three-syringe, pulsed quenched-¯ow apparatus (Kintek RQF-3, University Park, PA). All reactions were performed at 25.0 C in buffer A at a ®nal ATP concentration of 1.5 mM (after mixing). Single turnover (STO) DNA unwinding experiments were performed essentially as described. 18 Brie¯y, Rep protein was pre-incubated with 32 P-labeled DNA substrate in buffer A on ice for 20 minutes, and then loaded in one loop of the quenched-¯ow apparatus. The other loop contained ATP and an excess of ss-DNA ((dT) 16 ) in buffer A that served as a trap to prevent rebinding of free Rep to the DNA substrate. Control experiments performed by having free Rep protein, at the highest Rep concentration used in our experiments (800 nM monomer) in buffer A in one loop and a mixture of the labeled DNA substrate and 20 mM (dT) 16 in buffer A containing 3 mM ATP in the other loop showed no unwinding of the labeled DNA substrate indicating that a ®nal concentration of 10 mM (dT) 16 is suf®cient to prevent initiation of DNA unwinding by the free Rep protein. This ensures that these are single turnover DNA unwinding experiments. Experiments in which an unlabeled 10 bp hairpin DNA possessing a 3 H -(dT) 40 tail (mock DNA substrate) was used as the trap for free Rep protein in place of (dT) 16 showed identical results. The DNA and Rep concentrations reported for the STO experiments are the pre-incubation concentrations before mixing with ATP.
DNA unwinding experiments were also performed without pre-mixing Rep with the DNA substrate. In these``direct-mixing'' unwinding experiments, the Rep protein solution prepared in buffer A at 4 C was loaded in one loop of the quenched-¯ow apparatus. The other loop contained ATP and the radio-labeled DNA substrate. The solutions were pre-incubated in the loops for three minutes at 25.0 C. Reactions were initiated by rapidly mixing the two solutions and then quenched by the addition of 400 mM EDTA in 10 % (v/v) glycerol after time intervals ranging from 2 ms to 120 seconds following mixing. The quenched samples were analyzed after separation of the duplex substrate from the ss-DNA product by electrophoresis in non-denaturing 20 % polyacrylamide gels. The radioactivity in each band was quanti®ed using a Storm 840 Phosphorimager (Molecular Dynamics, Sunnyvale, CA). For these direct mixing experiments, the concentrations reported are the ®nal DNA and Rep protein concentrations after mixing.
